Abstract-Miniaturization, or decrease in body size, is a widespread trend in animal evolution and one of the principal directions of evolution in insects. It is known that body size, especially extremely small, is a key characteristic that largely determines the morphology, physiology, and biology of animals. Miniaturization leads to considerable reorganizations of structure in insects, affecting almost all organs and tissues. In the smallest insects, comparable in size to unicellular organisms, modifications arise not only at the level of organs but also at the cellular level. Miniaturization is accompanied by allometric changes in many organ sys tems. The consequences of miniaturization displayed by different insect taxa include both common and unique changes.
The first specialized studies on the effects of size on structure in insects were published almost 70 years ago [1, 2] . They were later followed by some structural studies on larvae of minute insects [3] [4] [5] . Large scale work on the influence of miniaturization on structure in insects started only a decade ago [6, 7] and has developed into a field of study represented by more than 15 publications annually (WoS). The most intensely studied areas are general morphology [5, [7] [8] [9] [10] [11] [12] , nervous system [6, [13] [14] [15] [16] [17] [18] , visual system [19, 20] , and muscu lature [21] [22] [23] . Miniaturization related patterns have recently been discussed not only in publications on morphology but also in those on taxonomy [24, 25] . Remarkably, a new area is currently forming within this field: the study of the central nervous system in microinsects and other minute arthropods, largely based on the recently discovered miniaturization related mor phological patterns of its structure [26] [27] [28] [29] [30] 16 ].
EFFECTS OF MINIATURIZATION ON ANIMAL MORPHOLOGY
Peculiar structural features related to miniaturiza tion are classified into three groups [31] : reductions and structural simplifications, novel structures, and increased variation. The third group has been analyzed only in amphibians [32] [33] [34] [35] . According to the geo metrical approach to analyzing the influence of body size on structure in animals, scaling can follow three routes: isometric changes, allometric changes, and change to a new design [36] . All these three variants of miniaturization have been found in insects.
Gorodkov [31] set the threshold of miniaturization (pumilization) at approximately 1 mm and suggested that overcoming this limit should be accompanied by dramatic simplification, which he termed pumilistic degeneration. It should be noted that this is true of many invertebrate taxa [38, 39] . However, microin sects go below this threshold without much simplifica tion of structure, and some of them even display a number of novel structures. Thus, insects demonstrate an amazing ability to scale biological structures and processes: the smallest insects differ from other ani mals of comparable size in their principally higher lev els of structural organization and considerably greater numbers of cells. Structural changes of microinsects related to miniaturization are associated with renunci ation of certain vital functions (lack of wings, legs, mouthparts, sense organs) or considerable changes in proportional effects of physical forces and relative environmental parameters, such as capillary forces, air viscosity, or diffusion rate (reduction of the tracheal and circulatory systems, ptiloptery).
MORPHOLOGICAL CONSEQUENCES OF MINIATURIZATION IN INSECTS
Comparison of morphological changes related to decreased body size shows that the majority of these changes are parallelisms evolved independently in dif ferent insect taxa, although some of them are unique for particular microinsects [12, 40] .
Key Parallelisms Typical of Most Microinsects:
(1) Reduction of sutures and fusions of sclerites in the head skeleton of adults and larvae.
(2) Simplification of the tentorium; fusion of tho racic sclerites in adults. (10) Simplification of the circulatory system; sim plification of the tracheal system in adults and larvae (reduction in number of spiracles).
(11) Oligomerization and concentration of the central nervous system.
(12) Asymmetry of the central nervous system. (13) Increase in nuclear cytoplasmic ratio of neu rons; considerable reduction in size and number of neurons.
(14) Increase in relative volume of the central ner vous system and brain.
(15) Dramatic reduction in number of ommatidia and sensilla.
(16) Reduction in number of ovarioles; increase in the relative volume of the reproductive system.
Parallelisms Typical of Some Microinsects:
(1) Reductions in numbers of antennomeres, pal pomeres, and tarsomeres (Ptiliidae, Mymaridae, and Trichogrammatidae).
(2) Reduction in number of tergites and sternites (adult Mymaridae and Trichogrammatidae).
(3) Simplification of the male copulatory apparatus (Ptiliidae and Corylophidae).
(4) Absence of cuticle differentiation into exo and endocuticle (Mymaridae and Trichogrammatidae).
(5) Reduction of the tracheal system and an accompanying shift to partly or entirely cutaneous res piration in larvae (Ptiliidae, Mymaridae, and Tri chogrammatidae).
(6) Absence of a heart (adult and larval Ptiliidae, adult and larval Trichogrammatidae, and larval Mymaridae).
(7) Shift of the abdominal ganglia into the thorax (Liposcelididae, Ptiliidae, and Corylophidae).
(8) Considerable increase in the degree of chroma tin compaction in nuclei of neurons (Ptiliidae, Tri chogrammatidae, and Mymaridae).
(9) Reduction of particular muscles; desembryon ization and strong simplification of structure in larvae (Mymaridae and Trichogrammatidae) [41] [42] [43] (1) Absence of the metafurca in adults (Mega phragma).
(2) Absence of all elements of the thoracic endosk eleton (first instar larva of M. chobauti [21] ).
(3) Asymmetrical mouthparts (Thysanoptera).
(4) Mechanism of folding, fixation, and protection of wing (Ptiliidae).
(5) Replacement of hemolymph with parenchyma like fat body (Ptiliidae).
(6) Partial shift of the midgut into the head (nymphal Liposcelis).
(7) Complete shift of the brain into the thorax in adults (Corylophidae).
(8) Lysis of cell bodies and nuclei of neurons (Megaphragma).
(9) Lysis of wing musculature during reproductive system maturation (Sericoderus).
(10) Unpaired gonads (Ptiliidae).
(11) Critical simplification of structure in males (Dicopomorpha).
The smallest insects and all insects less than 0.4 mm long are holometabolous. The relatively larger size of the smallest hemimetabolous insects can be explained by the practically identical body plan of the nymphs and adults. In this case, the first instar nymph, rather than the adult, should be viewed as the main limiting stage: on the one hand, it is the size of the first instar nymph that limits the size of the egg; on the other hand, the first instar nymph has almost the same structure as the adult. The possibility of stepwise oligo merization in Holometabola [44] gives them greater opportunities for miniaturization compared with Hemimetabola.
All insects with body length smaller than 0.3 mm are wasp parasitoids of eggs. This is largely determined by the considerably simplified structure of their larvae, strong desembryonization, and reduction of yolk in the egg, which is entirely alecithal in some species: these features are possible in larvae that develop inside host eggs [42] . . The structure of Microdispidae and the smallest springtails has not been studied, but Eriophyidae and the smallest insects display many similar features related to miniaturization: absence of heart and replacement of hemolymph with the fat body, considerable decrease in neuron size, absence of neurilemma, unpaired gonads, absence of respiratory organs, and desmosome like attachment of muscles to skeleton [49] . However, some features of structure found in Eriophyidae, such as the morphologically smooth musculature, syncytial hypoderm, and lysis of gut during egg development [49], have not been found in insects. The respiratory system is simplified or POLILOV absent also in many springtails [50] . Features described in minute spiders-increased relative volume of the central nervous system and brain, decreased neu ron size, and shift of some ganglia into the coxal area [51]-are also found in microinsects as well.
Comparison of the Consequences of Miniaturization in Different Animal
Other invertebrates. The smallest insects are among the smallest metazoans; only some representatives of several groups of invertebrates are even smaller. The very smallest metazoans are rotifers: the smallest of them, Ascomorpha minima Hofstein, 1909, is only 43 µm long [52] . In other phyla, adult animals smaller than 140 µm (the length of male Dicopomorpha echme pterygis) have been described among loriciferans, the smallest known representative of which is 108 µm long [53] , gastrotrichans, the smallest known representa tive of which is 70 µm long [54] , annelids, which can be as small as 50 µm long, and crustaceans, which can be as small as 94 µm [56] .
Miniaturization of invertebrates is usually associ ated with interstitial or parasitic modes of life [62] [63] [64] [65] , including parasitism of multicellular organisms on unicellular forms [66] . Miniaturization is accompa nied by regressive evolution and multiple reductions in most cases [38, 39] . Nevertheless, some minute inver tebrates have novel structures as well, such as the orig inal pharyngeal muscular organs and unpaired male copulatory organs found in polychaetes [60] . The hon eycomb like structure of unclear function found in polychaetes of the family Tantulocaridae can also be considered novel [65] . In many cases, miniaturization in invertebrates is related to changes in ontogeny, such as heterochrony [67, 68] , pedomorphosis [39, 69] , or progenesis [60, 70] . Some invertebrate species have dwarf males [71] [72] [73] [74] [75] . One special phenomenon classi fied as miniaturization is the decrease in size in some individuals of colonial animals, but it is difficult to com pare such cases of miniaturization with the others [37] .
The majority of the smallest animals (Rotatoria, Loricifera, Nematoda) have approximately a thou sand cells; many of them display eutely, constant num ber, and position of cells [78] . Thus, the body consists of 959 cells, 183 of them neurons, in the rotifer Epi hanes senta (Müller, 1773) [79] Vertebrates. The principal consequences of minia turization in vertebrate morphology include reduc tions and structural simplifications and are limited to fusion of skeletal elements in fishes [83] [84] [85] , amphib ians [32-35, 86, 87] , reptiles [88, 89] , and mammals [90] , and simplification of sense organs [83, [91] [92] [93] . Many small mammals also display allometry of the central nervous system [93] [94] [95] [96] [97] . Thus, it can be seen that the consequences of miniaturization in vertebrate morphology are largely similar to those found in insect morphology, but the degree of changes in insects is considerably greater, as should be expected, consider ing such a difference in degree of decrease in body size.
Steps of Miniaturization
As can be seen from the previous sections, micro insects share many common features. But at the same time there are some considerable differences. They can be explained by distinguishing steps of miniatur ization.
I distinguish two such steps. The first is character ized by retention of the principal vital functions at all stages of the life cycle. It is typical mainly of free living animals (e.g., Ptiliidae, Corylophydae, and Thripi dae). The second is determined by loss of one or sev eral functions at one or several stages of the life cycle. This loss of functions is accompanied by considerable reductions in systems responsible for those functions. For instance, the majority of mymarids and tri chogrammatids retain all vital functions as adults but have no sense or locomotor organs as larvae, except for the first instar. The male of Dicopomorpha echmeptery gis is the most vivid example of the second step in insects: it loses some vital functions at the larval stage, like all egg parasitoid wasps, and lacks wings, mouth parts, and digestive system at the adult stage.
These steps of miniaturization determine not only the number and type of morphological changes but also the factors that limit further decrease in body size. The limit to insect miniaturization at the first stage is 300 µm (the length of the smallest coleopteran). Only those insects that have lost some of the principal vital functions are even smaller than that. CONCLUSIONS Miniaturization is one of the principal directions of evolution in insects [98] , strongly associated with sev eral other evolutionary trends. Parasitism and minia turization are linked in many groups of insects and other invertebrates. It is impossible to distinguish cause from consequence here. Parasitism allows ani mals to lose some of their principal vital functions and, thus, to simplify structure and become smaller. Minia turization in turn gives parasites additional opportuni ties for host choice and for development of a greater number of parasites on one host. Interstitial mode of life is also strongly associated with miniaturization, especially in aquatic invertebrates and soil microar thropods. Dwarf forms, e.g., dwarf males, evolving within one species are also associated with miniatur ization in many other animal groups. Dicopomorpha provides a most vivid example of dwarf males among insects, and not the only one: dwarf males are also known in some other small insects [24] . 
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